We present a detailed investigation of the variability of 428 C iv and 235 Si iv Broad Absorption Line (BAL) troughs identified in multi-epoch observations of 291 quasars by the Sloan Digital Sky Survey-I/II/III. These observations primarily sample rest-frame timescales of 1-3.7 yr over which significant rearrangement of the BAL wind is expected. We derive a number of observational results on, e.g., the frequency of BAL variability, the velocity range over which BAL variability occurs, the primary observed form of BAL-trough variability, the dependence of BAL variability upon timescale, the frequency of BAL strengthening vs. weakening, correlations between BAL variability and BALtrough profiles, relations between C iv and Si iv BAL variability, coordinated multi-trough variability, and BAL variations as a function of quasar properties. We assess implications of these observational results for quasar winds. Our results support models where most BAL absorption is formed within an order-of-magnitude of the wind-launching radius, although a significant minority of BAL troughs may arise on larger scales. We estimate an average lifetime for a BAL trough along our line-of-sight of a few thousand years. BAL disappearance and emergence events appear to be extremes of general BAL variability, rather than being qualitatively distinct phenomena. We derive the parameters of a random-walk model for BAL EW variability, finding that this model can acceptably describe some key aspects of EW variability. The coordinated trough variability of BAL quasars with multiple troughs suggests that changes in "shielding gas" may play a significant role in driving general BAL variability.
INTRODUCTION
The high-velocity winds from quasars are important for several related reasons. First, these winds can significantly affect observed quasar properties via, e.g., ultraviolet (UV) line absorption, high-ionization line emission, optical/UV reddening, and X-ray ab-sorption (e.g., Weymann et al. 1981; Turnshek 1988; Leighly 2004; Collin et al. 2006; Gallagher et al. 2002 Gallagher et al. , 2006 Gibson et al. 2009; Richards et al. 2011) . Second, wind absorption lines are observed frequently, indicating that winds have a high covering factor and are a substantial part of quasar nuclear regions (e.g., Ganguly & Brotherton 2008; Gibson et al. 2009; Allen et al. 2011) . Third, winds might improve the efficiency of accretion onto the central supermassive black hole (SMBH) by removing angular momentum from the accretion disk (e.g., Emmering et al. 1992; Konigl & Kartje 1994) . Finally, winds can evacuate gas from the host galaxy, perhaps shaping SMBH growth and galaxy evolution (e.g., Di Matteo et al. 2005; Chartas et al. 2009; Rupke & Veilleux 2011; Sturm et al. 2011; Borguet et al. 2013) .
The strongest absorption lines created by quasar winds are Broad Absorption Line (BAL) troughs with velocity widths greater than 2000 km s −1 and typical outflow velocities of 1000-30000 km s −1 (e.g., Weymann et al. 1991) . Many BALs are believed to be formed in an equatorial wind that is launched from the accretion disk at 10-100 light days from the SMBH (e.g., Murray et al. 1995; Proga 2000) . If the BALs are formed in the vicinity of the launching region, then the timescale for wind material to cross the region of interest is about 1-10 yr, and this is a reasonable characteristic timescale over which flow structures might be expected to change. This is also the characteristic timescale for significant angular rotation of the accretion disk at the wind-launching radius. Assessments of the transverse velocities of BAL material indicate these are often comparable to the aforementioned outflow velocities (e.g., Capellupo et al. 2011; Hall et al. 2011) , and characteristic variability timescales of years are again deduced for material moving transversely through our line-of-sight. Thus, studies of multiyear BAL variability can provide useful insights into the nature of quasar winds.
The existence of BAL variability has been known for over two decades (e.g., Smith & Penston 1988; Turnshek et al. 1988; Barlow et al. 1992) . Early investigations of this phenomenon were generally singleobject studies with 2-4 observational epochs, although Barlow (1993) performed an early spectroscopic monitoring survey of 23 BAL quasars.
In recent years, systematic sample-based studies of BAL variability, investigating 5-30 objects, have become increasingly common (e.g., Lundgren et al. 2007; Gibson et al. 2008 Gibson et al. , 2010 Capellupo et al. 2011 Capellupo et al. , 2012 Filiz Ak et al. 2012; Haggard et al. 2012; Miller et al. 2012; Vivek et al. 2012 ); see Table 1 for a summary of the basic properties of these samples. Sample-based studies have the advantage of allowing broadly applicable and statistically reliable conclusions about BAL variability to be drawn. BAL variability has been found to be a complex and diverse phenomenon. Generally, changes in the residual flux in portions of BAL troughs are observed, while detections of BAL acceleration/deceleration are much rarer (e.g., Vilkoviskij & Irwin 2001; Gibson et al. 2008 Gibson et al. , 2010 Capellupo et al. 2012) .
We have been using observations taken as part of the ongoing Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013 ) of the Sloan Digital Sky Survey-III (SDSS-III; Eisenstein et al. 2011) to perform the largest survey of multi-year BAL variability to date (see Section 2.1 and Filiz Ak et al. 2012 for further description). Our final sample will include ≈ 2100 BAL quasars with high-quality spectra providing multi-year variability coverage in the rest frame; this size is about two orders of magnitude larger than other samples being used to investigate multi-year BAL variability (see Table 1 ). In Filiz Ak et al. (2012) we presented some first results from the survey focused on C iv BAL disappearance events. In this paper, we provide more general findings regarding the variability of C iv and Si iv BAL troughs, primarily on multi-year timescales but also extending to much shorter timescales. These findings are based upon 291 BAL quasars selected from our full sample to have particularly high-quality spectroscopic coverage of these troughs; 428 distinct C iv and 235 distinct Si iv troughs are utilized. Our overall approach is first to characterize systematically how BAL troughs vary on multi-year timescales and then to use this characterization to derive physical implications for BAL outflows. For example, our results provide insights into the radial distance where most BAL troughs are formed, the lifetimes of BAL troughs along our line of sight, the connection between BAL disappearance/emergence events and general BAL variability, and the driving mechanisms of BAL variability.
In Section 2 we describe the observations and sample selection underlying this work, and in Section 3 we describe data preparation and analysis approaches. Our observational results on BAL variability are presented in Section 4. In Section 5 we provide a discussion of implications for quasar winds, and in Section 6 we present a summary and describe promising future avenues of relevant research.
Throughout this work we use a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7. All time intervals and EWs are in the rest frame of the quasar unless stated otherwise. Negative signs for velocities indicate that a BAL trough is blueshifted with respect to the systemic velocity. We define EWs of absorption features to be positive. Positive EW variations indicate strengthening, and negative values indicate weakening.
OBSERVATIONS AND SAMPLE SELECTION

Observations
We have utilized data from the Sloan Digital Sky Survey-I/II (hereafter "SDSS"; York et al. 2000) and BOSS that use a mosaic CCD camera (Gunn et al. 1998 ) plus multi-object spectrograph on a dedicated 2.5 m telescope (Gunn et al. 2006) at Apache Point Observatory. Between 2000 Between -2008 , the SDSS I/II completed spectroscopy over 9380 deg 2 and obtained over 1.6 million spectra in total, including more than 105000 quasars (e.g., Richards et al. 2002; Abazajian et al. 2009; Schneider et al. 2010) . BOSS is observing a sample of ≈ 210000 quasars, the majority of which are at z > 2.2 (Ross et al. 2012; Pâris et al. 2012) , with the main scientific motivation being to measure the baryon acoustic oscillation (BAO) feature in the Lyman-α forest (e.g., Busca et al. 2013; Slosar et al. 2013) . Using an improved spectrograph, BOSS spectra have coverage between 3600-10000Å at a resolution of 1300-3000 (see Dawson et al. 2013; Smee et al. 2013) .
In addition to its primary quasar program, BOSS is executing several ancillary projects (see Dawson et al. 2013) including one focused on investigating the dynamics of quasar winds over multi-year timescales. This project re-observes selected bright BAL quasars that have previous SDSS spectral observations to enable a high-quality and relatively unbiased study of BAL variability over multi-year timescales in the rest frame of the quasar. The project targets were selected using information from the catalog of BAL quasars for SDSS DR5 ) and the SDSS DR5 quasar catalog (Schneider et al. 2007 ). The details of the BAL target selection are described in Section 2.1 of Filiz Ak et al. (2012) . Briefly, the 2005 selected targets are optically bright (i < 19.3) BAL quasars with redshifts 0.48 ≤ z ≤ 4.65. The observed SDSS spectra of these targets have a signal-to-noise ratio per 0.4Å pixel at 1650-1750Å of SN 1700 > 6; SN 1700 is defined for the continuum redward of C iv and should not be affected by BAL absorption. The targets were chosen to have a modified balnicity index BI 0 > 100 km s −1 . BI 0 is defined by Gibson et al. (2008) using the following equation:
where f (v) is the normalized flux density as a function of velocity, v, and C is a constant which is equal to 1.0 only when a trough is wider than 2000 km s −1 , it is otherwise 0.0.
In this study, we use SDSS spectra observed between MJD 51602 and 54557 February 28 to 2008 and BOSS spectra observed between MJD 55176 and 56109 (2009 December 11 to 2012 July 01); i.e., we utilize spectra taken after the completion of hardware commissioning for both SDSS and BOSS. Between these dates, 1087 of the 2005 targets from the ancillary project were observed by BOSS.
Sample Selection
In this section we present the selection criteria used to create a "main sample" for studying C iv and Si iv BAL variability on multi-year timescales in the rest frame. We select our main-sample BAL quasars from the targets observed via the ancillary project based on the following criteria:
1. To enable more robust continuum fits, we select only the quasars that have spectral coverage of the relatively line free (RLF, see Section 3.1) windows blueward of the Si iv line as well as redward of the C iv line; these windows play a key role in constraining the fitted continuum. Thus, we utilize the quasars that have z > 2 from the sample of 1087 observed objects. (619 quasars) 2. The targeted sample of quasars was required to have SN 1700 > 6 for the SDSS spectrum, although higher values of SN 1700 are advantageous for the study of moderate or weak BAL variations. We have thus chosen to utilize quasars that have SN 1700 > 10 for both the SDSS and BOSS spectra; visual inspection shows that this choice provides a good balance between high spectral quality and large sample size. (356 quasars out of 619)
3. As in Filiz Ak et al. (2012) , to avoid confusion between emission-line and BAL variability, we consider only the BAL troughs that are significantly detached from the C iv and Si iv emission lines by setting velocity limits for BAL troughs. We consider the BAL regions of each transition that lie between −3000 and −30000 km s −1 . To select the quasars with moderate-to-strong BAL troughs, we require that the balnicity index of both the SDSS and BOSS spectra of the main-sample quasars have BI ′ > 100 km s −1 ; a consistent threshold for both SDSS and BOSS is required to avoid biases in our later analyses. BI ′ is defined by Filiz Ak et al. (2012) using the following equation:
Similar to the BI 0 definition, in this equation f (v) is the normalized flux density as a function of velocity, v, and C is a constant which is equal to 1.0 only when a trough is wider than 2000 km s −1 , it is otherwise 0.0. (297 quasars out of 356) 4. We have rejected six quasars (2%) from our main sample because of difficulties in defining the continua and/or emission lines in their spectra. Spectra of these quasars possess strong absorption lines of many transitions causing large systematic uncertainties in BAL measurements. (291 quasars out of 297)
Based on these criteria, we selected 291 BAL quasars as our main sample. All 291 quasars have at least one observation from SDSS and one from BOSS, and 22% have additional SDSS and/or BOSS observations. In total, our sample contains 699 spectra of main-sample quasars that cover rest-frame timescales from 5.9 hr to 3.7 yr.
We have cross-matched our 291 main-sample quasars with the catalog of quasar properties from SDSS DR7 (Shen et al. 2011) and obtained their absolute iband magnitudes, M i , estimated bolometric luminosities, L Bol , Eddington-luminosity ratios, L Bol /L Edd , and virial black-hole mass estimates, M BH . In addition we use the radio-loudness parameter, R, defined as R = f 6cm /f 2500Å , where f 6cm is the radio flux density at restframe 6 cm and f 2500Å is the optical flux density at restframe 2500Å. Shen et al. (2011) calculated the R parameter using radio emission detected in Very Large Array (VLA) Faint Images of the Radio Sky at TwentyCentimeters (FIRST; Becker et al. 1995) observations. We obtain redshift values from Hewett & Wild (2010) , and these are used throughout.
We illustrate some of the basic properties of our sample in Figures 1 and 2. Figure 1 shows M i vs. redshift for the main sample of this paper, the 2005 targets of the BOSS ancillary project on BAL quasars, and all SDSS DR5 BAL quasars. The M i distribution of the main-sample quasars spans about the same range as that of the general ancillary program targets from z = 2-4, covering a factor of ≈ 5 in luminosity at any given redshift. Figure 2 compares the i-band apparent magnitude distributions of our main sample, the 2005 BOSS ancillary project targets, and the BAL quasars identified in the SDSS DR10 quasar catalog (Pâris et al. 2013) . It is clear that the main sample and ancillary project effectively cover the brightest BAL quasars that generally provide the highest quality SDSS and BOSS spectra. The mean i-band magnitude is 18.4 for the main-sample quasars and 18.7 for the ancillary project targets. Using the catalog of BAL quasars for SDSS DR5 ), we found that 22 of the 291 main-sample quasars possess Al iii BALs and thus are identified as low-ionization BAL quasars. Additional unidentified low-ionization BAL quasars may be present; e.g., among objects that lack spectral coverage of the important Mg ii low-ionization transition.
DATA PREPARATION AND ANALYSIS
Basic Spectral Preparation
For the purpose of investigating BAL variability, we compared the multi-epoch spectral observations of our main-sample quasars. We have normalized each spectrum by a model for the continuum following the procedure in Section 3.1 of Filiz Ak et al. (2012) . Briefly, we first correct the spectra for Galactic extinction using the A V values from Schlegel et al. (1998) and then transform from the observed frame to the rest frame using the redshift values from Hewett & Wild (2010) . We remove the pixels from the spectra that contain significant night-sky line residuals that are flagged by the SDSS and BOSS data-reduction pipelines.
To reconstruct the underlying continuum, as in Gibson et al. (2008 ) and Filiz Ak et al. (2012 , we define RLF windows to be the following spectral regions: 1250-1350Å , 1700-1800Å , 1950-2200Å , 2650-2910Å , 3950-4050Å. The RLF windows were selected to be relatively free from emission and absorption lines considering the composite quasar spectra of Vanden Berk et al. (2001) . However, some weak emission and/or absorption lines can be present in these spectral regions. Thus, to exclude the data points that deviate from the fit by more than 3σ, we apply an iterative sigma-clipping algorithm using a non-linear least squares fit. We fit the RLF windows of each spectrum with an intrinsically reddened power-law continuum model where we use Small-Magellanic-Cloud type reddening. We calculate the continuum uncertainties using ∆χ 2 confidence-region estimation for 68.3% confidence bounds. Throughout this work, we propagate the continuum uncertainties into the uncertainties on restframe EW measurements. As in previous studies (e.g., Lundgren et al. 2007; Filiz Ak et al. 2012) , we do not model the emission lines since investigation of emissionline characteristics is beyond the scope of this study (also see Section 2.2).
Identification and Measurements of BAL Troughs
As is common practice (e.g., Trump et al. 2006; Gibson et al. 2008 Gibson et al. , 2009 Allen et al. 2011; Filiz Ak et al. 2012) , we smoothed each spectrum using a SavitzkyGolay algorithm to perform local linear regression for three consecutive data points (see Section 3.2 of Filiz Ak et al. 2012). We utilize normalized and smoothed spectra only for identification of BAL troughs; unsmoothed spectra are used for further calculations. Only BAL troughs in the velocity range −3000 to −30000 km s −1 are considered (see Section 2.2); the small fraction (≈ 2.5%) of extremely high-velocity C iv BAL troughs exceeding the −30000 km s −1 limit were removed by considering Si iv BAL troughs at corresponding velocities.
The canonical definition of BAL troughs (see Equation 2) was developed for the purpose of finding BAL troughs in a single-epoch spectrum. However, our primary purpose here is investigating BAL variability in multi-epoch spectra. Therefore, we adopt a modified BAL-trough definition more appropriate for our purpose that is strongly motivated by the canonical definition and reduces to it for single-epoch data. Our adopted BAL-trough definition utilizes the information from all available spectral observations of a quasar. As is well known, absorption troughs are sometimes isolated and sometimes appear in complexes in which single troughs may split or adjacent troughs may merge over time. To address these complications, we treat each BAL complex as a single BAL trough. We identify BAL complexes using the following algorithm (see Figure 3 ):
1. We first identify BAL and mini-BAL troughs (hereafter just "troughs") under the canonical definition in each single-epoch spectrum of a quasar. 18 We set the maximum velocity of a trough to be v max,t and the minimum velocity to be v min,t .
2. We select v min,t of the highest velocity trough in the first-epoch spectrum and compare the corresponding velocities in all the available spectra. If the v min,t velocity intersects any trough region in the other available epochs, we re-assign v min,t to be the lowest velocity of this intersecting trough and repeat the comparison to the other available spectra. If the v min,t velocity does not intersect any trough region in the other available spectra, we set v min,t to be the minimum red-edge velocity of the BAL complex, v min .
3. To define the maximum velocity of the complex, we take the v max,t of the lowest-velocity trough associated with the complex and compare with the other available epochs. If the v max,t velocity in the other spectra intersects a trough, we set v max,t to be the highest velocity of this intersecting trough. If the v max,t velocity does not intersect any trough region in the other available spectra, we set v max,t to be the maximum blue-edge velocity of the BAL complex, v max .
In this algorithm each trough can be associated with only one trough complex. Each trough complex includes at least one trough which is wider than 2000 km s −1 lying between −3000 and −30000 km s −1 . After implementing the above algorithm, we define each BAL complex lying between v max and v min as a distinct BAL trough. Here, v max is the maximum velocity taken to be the velocity at the blue edge for any trough associated with the complex across all available spectra of each quasar. Similarly, v min is defined using the red-edge velocities. After an automated identification of BAL troughs using our algorithm above, we visually inspect all the available spectra of each main-sample quasar. The inspection shows that our approach for BAL-trough identification is appropriately implemented for both C iv and Si iv BAL troughs. We found that, in the majority of cases, the complex would be identified as a single BAL trough under the canonical definition in at least one of our epochs. Moreover, our adopted BALtrough definition produces the same results as the canonical definition for non-merging and non-splitting BAL troughs that lie between constant v max and v min in all the available spectral observations. Using our adopted BAL-trough definition we identified a total of 428 distinct C iv and 235 distinct Si iv BAL troughs in the 699 main-sample spectra. Figure 3 illustrates our adopted BAL-trough definition and the canonical one using all the available spectra of the quasar SDSS J090944.05+363406.7. If we apply the canonical BAL-trough definition in this example, the two adjacent BAL troughs seen in the last epoch would be identified as two distinct BALs. However, the same structure appears as one distinct BAL trough in the second-epoch spectrum and in the first-epoch spectrum appears as two mini-BALs along with one BAL trough. As is clearly seen in this example, our adopted BALtrough definition produces more physically meaningful results than the canonical definition for the purpose of studying variability in multi-epoch spectra. Moreover, we select the v max and v min velocities using information from all the available spectra instead of only a singleepoch observation. If we were to take the v max and v min velocities as the blue-edge and red-edge velocities of the complex where all absorption has merged to one BAL trough (i.e., the second-epoch spectrum in this example), we would lose the pertinent information from the part of the BAL troughs which extend beyond these velocities in the other-epoch spectra (i.e., the first-epoch spectrum in this example).
In this study, we investigate BAL-trough variability on a large range of rest-frame timescales. The spectral observations from SDSS-I/II and BOSS provide coverage of long timescales, typically longer than 1 yr. To sample shorter timescales, we use the additional observations from SDSS and/or BOSS that are available for more than 20% of our main-sample quasars. To avoid the repeat examination of BAL troughs and the associated multi-counting biases, we utilize only the twoepoch spectra for each quasar that give the minimum sampled rest-frame timescale, ∆t min .
19 Although we use only such two-epoch spectra for our calculations below, we still consider all available observations in our BALtrough identification algorithm as we have found this provides the most physically meaningful results. By selecting ∆t min , we sample rest-frame timescales from a few hours to a few years. Figure 4 shows the distribution of minimum sampled rest-frame timescales, ∆t min , for distinct BAL troughs identified in our main-sample spectra. The ∆t min values range between 5.9 hr and 3.7 yr with a median of 2.1 yr. Given that C iv BAL troughs are not always accompanied by Si iv BAL troughs, we ran a two-19 For example, if a quasar has observations that sample restframe timescales of 0.01, 0.02, 0.03, 2.00, 2.01, and 2.03 yr, we select only the two-epoch spectra that sample the 0.01 yr timescale. Note that the 2.00, 2.01, and 2.03 yr timescales are nearly the same (agreeing to within 1.5%) and provide little independent information. Thus, using all three of these timescales would result in this object being inordinately weighted in statistical characterizations of BAL variability on ≈ 2 yr timescales (i.e., causing multi-counting bias). -Example of our adopted BAL-trough definition illustrated using the three available spectra of the quasar SDSS J090944.05+363406.7. The three normalized spectra for this quasar are arbitrarily offset in flux for clarity of presentation. Horizontal dotted lines show the continuum levels for each spectrum, and the tick marks on the y-axis show the zero level for each spectrum. Horizontal black bars show absorption lines with ∆v ≥ 2000 km s −1 , corresponding to the traditional BAL definition, and horizontal gray bars show absorption lines with ∆v = 500-2000 km s −1 . The variable absorption complex is complicated; in some spectra only part of it is classified as a BAL under the canonical definition. We use all three available spectra to define the minimum and maximum velocities of the trough. The horizontal double green bar shows the resulting BAL trough lying between v min and vmax (see Section 3.2).
sample Kolmogorov-Smirnov (KS) test to compare the sampled timescale distributions of C iv and Si iv BAL troughs and found no significant difference.
In some sections of this study, we focus on BALtrough variability characteristics solely on multi-year timescales. Therefore, we define another timescale of ∆t min,1 to sample minimum rest-frame timescales of more than 1 yr. By this definition, we select the same non-repeating sample of distinct BAL quasars as with the ∆t min selection. ∆t min,1 ranges between 1-3.7 yr with a median of 2.3 yr. Compared to previous studies (e.g., Lundgren et al. 2007; Gibson et al. 2008 Gibson et al. , 2009 Capellupo et al. 2011 Capellupo et al. , 2012 , and especially those focusing on multi-year timescales, we have a significantly larger (by about an order-of-magnitude) BAL-trough sample.
We measure the rest-frame EW of each BAL trough in each epoch and calculate the uncertainties on EWs using Equations 1 and 2 of Kaspi et al. (2002) , where uncertainties are derived by propagating the continuumestimation errors (see Section 3.1) and the observational errors of each contributing pixel. In addition, we measure the weighted centroid velocity, v cent , for each BAL trough; i.e., the mean of the velocities where each data point is weighted with its distance from the normalized continuum level. We also calculate an average BALtrough depth, d BAL , which is the mean distance from the normalized continuum level for each data point of a BAL trough.
Identification and Measurements of Variable BAL Troughs
As one approach to identify variable BAL troughs in our main sample, we select BAL troughs showing significant EW variations. To calculate EW variations, ∆EW, and uncertainties on this quantity, σ ∆EW , we use the following equations:
where EW 1 and EW 2 are the EWs measured from twoepoch spectra that are observed at times t 1 and t 2 . In our sample, the mean σ ∆EW is 0.5Å for C iv and 0.4Å for Si iv BAL troughs. Similarly, we calculate fractional EW variations, ∆EW EW , and corresponding uncertainties, σ ∆EW EW , with the following equations:
We identify 248 variable C iv BAL troughs and 119 variable Si iv BAL troughs showing EW variations at a significance level of more than 3σ on timescales of more than 1 yr (∆t min,1 ). Similarly, we identify 223 variable C iv BAL troughs and 99 variable Si iv BAL troughs by comparing the two-epoch spectra that sample the ∆t min timescales in the rest frame.
Considering that variations tend to occur in portions of BAL troughs (e.g., Gibson et al. 2008; Capellupo et al. 2011) , as an alternative approach, we define a variable BAL trough to have at least one variable region. For the purpose of determining regions in each BAL trough where a variation has occurred, we compare two-epoch spectra of each quasar. Since a proper comparison requires consideration of the signal-to-noise ratio of each spectrum, we define a measurement of the deviation between two observations for each pixel in units of σ using the following equation:
where f 1 and f 2 are the normalized flux densities and σ 1 and σ 2 are the normalized flux-density standard deviations at wavelength λ. Both σ 1 and σ 2 include observational errors and uncertainties on the estimated continuum model. Similarly to Gibson et al. (2008) , we identify variable regions of BAL troughs to be where an absorption feature is detected with N σ ≥ 1 or N σ ≤ −1 for at least five consecutive data points. This requirement allows detection of variable regions wider than ≈ 275 km s −1 . Selection using a smaller number of consecutive data points as the requirement may cause nonphysical observational errors to be indistinguishable from the variable regions of BAL troughs. On the other hand, requiring a larger number of consecutive data points will cause non-detection of narrow variable regions. By requiring the number of data points to be ≥ 5, we require the significance of variations to be >99.9%.
We have identified 903 variable regions for C iv BAL troughs and 294 variable regions for Si iv BAL troughs for variations on timescales of more than 1 yr (∆t min,1 ). We also identified 757 variable regions for C iv BAL troughs and 232 variable regions for Si iv BAL troughs by comparing the two-epoch spectra that sample the ∆t min timescales in the rest frame. The number of BAL troughs having at least one variable region is 294 for C iv and 119 for Si iv on timescales of more than 1 yr.
Comparing the two approaches to variable BAL-trough identification, we found that 26 C iv BAL troughs showing EW variations at more than 3σ significance do not have a variable region satisfying our requirements, although several narrow variable regions in these BAL troughs collectively produce EW variations at more than 3σ significance. We also found that 72 C iv BAL troughs having one variable region do not show EW variations at more than 3σ significance. In these 72 cases, a narrow variable region in a strong BAL trough cannot produce an EW variation at more than 3σ significance due to statistical dilution by the rest of the trough. Similarly, we found that 29 Si iv BAL troughs showing EW variations at more than 3σ significance do not have a variable region satisfying our requirements, and 29 Si iv BAL troughs having one variable region do not show EW variation at more than 3σ significance.
We will refer to both of these approaches to variable BAL trough identification in the following sections. We present our measurements for C iv and Si iv BAL troughs in Tables 2 and 3 and for C iv and Si iv variable regions in Tables 4 and 5, respectively.
RESULTS ON BAL VARIABILITY
In this section, we present the results of our BAL variability investigations utilizing the multi-epoch observations of 428 distinct C iv and 235 distinct Si iv BAL troughs in the 699 main-sample spectra of 291 quasars. We examine the fraction of variable BAL troughs and BAL quasars (Section 4.1), the velocity widths of the variable regions of BAL troughs (Section 4.2), EW variations as a function of timescales (Section 4.3), the distribution of EW variations (Section 4.4), EW variations as a function of BAL profile properties (Section 4.5), relative EW variations between C iv and Si iv BAL troughs (Section 4.6), correlated EW variations in BAL quasars with multiple troughs (Section 4.7), and EW variations as a function of quasar properties (Section 4.8).
Fraction of BAL Troughs and BAL Quasars
Showing Variability We calculate the fraction of BAL troughs showing variability and the fraction of quasars showing BAL-trough variability in our main sample considering the two different variability identification approaches explained in Section 3.3. First, requiring a variable BAL trough to show an EW variation at more than 3σ significance, we find that the fraction of variable BAL troughs is 57.9 +3.9 −3.7 % for C iv and 50.6 +5.1 −4.6 % for Si iv on timescales of 1-3.7 yr. Figure 5 presents the cumulative fraction of variable BAL troughs; the y-axis shows the cumulative fraction of BAL troughs with EW variations of more than a given threshold |∆EW|. Although the cumulative fraction of variable BAL troughs decreases for large |∆EW|, it remains significant even for threshold |∆EW| values as large as 5Å.
We also compare the fraction of variable C iv and Si iv BAL troughs from the same absorbing material. Given that the Si iv region between −13000 and −30000 km s These fractions indicate that C iv and Si iv BAL troughs at corresponding velocities are about equally likely to vary.
In addition to considering the fraction of variable BAL troughs, we also calculate the fraction of quasars showing BAL-trough variability. Requiring a variable BAL trough to show an EW variation at more than 3σ significance, we found the fraction of quasars showing C iv BAL variations to be 62.2 Capellupo et al. (2011) found that the fraction of quasars showing C iv absorption variations is 39% on timescales of 0.35-0.75 yr and 65% on timescales of 3.8-7.7 yr. Capellupo et al. (2012) reported that 11 out of 19 (58%) quasars exhibited Si iv absorption variations on timescales of 3.8-7.7 yr. Considering that our data sample timescales of 1-3.7 yr with an average of 2.3 yr, both of our results broadly show consistency with the results of the Capellupo et al. (2011) study.
Alternatively, we consider variable BAL troughs to be those with at least one variable region detected in the trough (see Section 3.3). We find that the fraction of BAL troughs showing variability is 68.6 +4.3 −4.0 % for C iv and 50.6 +5.1 −4.6 % for Si iv on timescales of 1-3.7 yr. This approach is more sensitive to local variations in BAL troughs; a narrow variable region in a wide BAL trough may not produce an EW variation at more than 3σ significance.
We further investigate the number of variable regions as a function of velocity, v, that is measured relative to the quasar redshift. Figure 6 presents the number of variable regions found at a particular velocity for C iv and Si iv BAL troughs for variations on timescales of more than 1 yr (∆t min,1 ). C iv variable regions are found across a wide range of velocities, and the number of variable regions appears to peak in the range between −9000 and −21000 km s −1 in concert with the number of BAL troughs. Figure 6 also displays the percentage of BAL regions showing variability for C iv and Si iv that is calculated from the ratio of the number of variable regions to the number of BAL troughs found at a particular velocity. We found that the percentage of C iv BAL regions showing variability is roughly constant at around 30-40% at velocities of −3000 km s
to −25000 km s −1 and rises in the few highest-velocity bins; we have verified that this trend is statistically significant. Capellupo et al. (2011) also investigated the fraction of variations as a function of outflow velocity on short (0.35-0.75 yr) and long (3.8-7.7 yr) timescales. Consistent with our results, they found that C iv BAL troughs tend to be more variable at higher velocities.
The Si iv region can have contamination by emission and/or absorption lines, and the superposition of these emission lines and Si iv BALs may prevent BAL troughs from continuously lying at least 10% under the continuum level and thus may lead to non-detection. A visual inspection showed that in some cases BAL troughs appear to be broken into two or more narrow sections by such emission lines, causing the apparent absorption features to fail to satisfy the criteria to be identified as a BAL trough. Consequently, these effects also cause a decrease in the number of variable Si iv BAL troughs. Due to these effects, the number of variable Si iv BAL troughs and therefore variable Si iv regions decreases between −13000 and −30000 km s −1 ; the histogram for Si iv should not be interpreted physically in this velocity range. Thus, we show the percentage distribution of Si iv BAL troughs only for a region between −3000 and −13000 km s −1 . Gibson et al. (2008) showed that variations tend to occur only in portions of BAL troughs. To investigate the distribution of velocity widths of variable BAL regions, we calculate ∆v VR values for 903 variable regions in C iv BAL troughs and 294 variable regions in Si iv BAL troughs for variations on timescales of more than 1 yr, where ∆v VR is the velocity width of a variable region. Figure 7 shows the ∆v VR distributions of variable regions detected in C iv and Si iv BAL troughs. Consistent with Gibson et al. (2008) , we find that the number of variable regions, in both C iv and Si iv, rises toward small velocity widths down to our velocity width measurement limit of ≈ 275 km s −1 (see Section 3.3). We found that the mean of the ∆v VR measurements for C iv and Si iv BAL troughs are 713.6 km s −1 and 592.8 km s −1 , respectively.
Velocity Widths of Variable Regions of BALs
To examine the fraction of a BAL trough that is variable, we define f ∆v as the sum of the velocity widths of all varying regions in a BAL trough divided by the BAL trough velocity width, ∆v. Figure 8 shows the f ∆v distribution for C iv BAL troughs on timescales of 1-3.7 yr and the f ∆v distribution as a function of ∆v for C iv. We find that the mean of f ∆v is 0.20 for C iv and 0.13 for Si iv, indicating that Si iv variable regions on average tend to be narrower than C iv variable regions. Figure 8 also suggests that narrow C iv BAL troughs tend to have a larger fraction of variable regions compared to wide C iv BAL troughs.
We also investigate the position of each variable region in a given BAL trough to assess if the incidence of variability depends upon the relative velocity within the trough. We calculate the normalized relative velocity in the trough, v nrt . Here v nrt is vcent−v mid |vcent−vmax| for the blue part of the trough and vcent−v mid |vcent−vmin| for the red part of the trough, where v mid is the mid velocity of a variable region. Figure 9 shows the number of variable regions found at a given v nrt . A non-parametric triples test (Randles et al. 1980) shows that the distribution of v nrt shows no significant evidence of asymmetry (P = 0.55), and the distribution is relatively constant across almost the entire width of a trough. Consistent with our results, Capellupo et al. (2011) found no evidence for a higher incidence of variability with positive or negative velocity offset, but we establish this result with substantially better statistics.
EW Variations as a Function of Timescale
Previous BAL-variability studies (e.g., Gibson et al. 2008 Gibson et al. , 2010 Capellupo et al. 2011) have found that C iv BAL-trough variability is larger for longer timescales. This is expected since, e.g., quasar variability in general is larger on longer timescales (e.g., Vanden Berk et al. 2004) . In order to investigate EW variations as a function of timescale with a larger sample over a wide range of rest-frame timescales, we utilize the ∆EW and ∆EW/ EW values of each distinct BAL trough from the two-epoch spectra for timescales of ∆t min (see Equations 3 and 4). In Figure 10 , we show EW variations for C iv and Si iv BAL troughs as functions of ∆t min . For comparison, we also include the data from Barlow (1993) that correspond to a timescale range mainly between 0.2-1 yr and from Gibson et al. (2008) that extend the timescales up to 6.1 yr. To display the spread of ∆EW, we calculate the standard deviation of our data using a sliding window containing 20 time-ordered data points; we statistically remove the mean EW error in each window from the standard deviation (via standard error propagation). The curves of standard deviation indicate an increase of EW variations with increasing rest-frame timescale both for C iv and Si iv BAL troughs. This trend is consistent with that of previous BAL-variability studies. The majority of the Barlow (1993) data lie between the standard-deviation curves that are calculated from our data. Although the data from Gibson et al. (2008) sample longer timescales than our data, the trend of the standard-deviation curves shows general agreement regarding the increase of EW variations with in- and Si iv (lower panel) BAL troughs for variations on timescales of more than 1 yr. We found seven variable regions for C iv and one variable region for Si iv with velocity widths of 4500-7500 km s −1 that we do not show in this figure. For both C iv and Si iv, the number of variable regions rises rapidly toward small velocity widths down to our velocity width measurement limit. creasing timescale. Figure 11 shows fractional EW variations for C iv and Si iv BAL troughs against ∆t min . The curves of standard deviation are illustrated both for C iv and Si iv BAL troughs. The spread of the curves indicates an increase of fractional EW variations with increasing rest-frame timescales. As for Figure 10 , we include the data from Barlow (1993) and Gibson et al. (2008) for comparison purposes.
Figures 10 and 11 demonstrate that our data points are consistent with zero variation for timescales ∆t min < 0.01 yr (i.e., 3.6 days) in the rest frame given the measurement errors. This result is expected given the fact that troughs are unlikely to show significant variations on timescales of hours or days. Therefore, any observed variations on these timescales provides an empirical estimate of the total systematic and measurement errors of our data and data-processing methods. For a more quantitative assessment, we calculated the median deviation in units of σ for ∆t min < 0.01 yr and found that it is ≈ 1 for both C iv and Si iv.
To quantify the relationship between EW variations and timescale, we calculate the mean of |∆EW| and ∆t min for bins containing 15 time-ordered data points. From a robust linear-regression model using the bisquare weight function (Press et al. 1992 ), we found a fit of log |∆EW C IV | = (0.258 ± 0.031) × log ∆t min +(0.289 ± 0.027) (6) where the units of |∆EW| and ∆t min areÅ and yr, respectively. Similarly, for fractional EW variations we found a fit of log ∆EW EW C IV = (0.283 ± 0.042) × log ∆t min +(−0.737 ± 0.037). (7) In Figure 12 , we display the fraction of C iv BAL troughs showing variability at more than 3σ significance as a function of timescale. We calculate the mean timescale and the fraction of variable BAL troughs for 20 time-ordered data points for variations on timescales of less than 1 yr, and for two equal-size bins for variations of more than 1 yr. Consistent with Gibson et al. (2010) and Capellupo et al. (2013) , our results indicate the incidence of variability increases with time.
We also investigate the rate-of-change of EW variations on short and long timescales by calculating |∆EW|/∆t for C iv and Si iv BAL troughs on timescales of ∆t min = 0.01 − 1 yr and ∆t min > 1 yr. Figure 13 displays the distribution of |∆EW|/∆t for C iv and Si iv BAL troughs on both short and long timescales. It also presents the distribution of |∆EW|/∆t for BAL troughs with ≥ 3σ significance variations of EW in each panel. The distributions for variations with ≥ 3σ significance show that the average rate-of-change of EW variations is larger on short timescales. Gibson et al. (2010) found a similar result from the comparison of variations of BAL troughs for eight individual sources on short and long timescales (see their Figure 9 ). Such behavior would be expected, for example, if BAL EWs execute a simple random walk with a step timescale of 1 yr (see Section 5.4). On timescales longer than the step timescale then the observed |∆EW|/∆t ∝ 1/ √ n, where n is the number of steps during the observed period.
Distribution of EW Variations
In this section, we investigate several characteristics of BAL EW variability distributions. We first examine the symmetry of distributions of BAL EW variations to assess and constrain any differences between the formation and decay timescales of BAL troughs. Figure 14 presents the distributions of 428 C iv and 235 Si iv BALtrough EW variations, ∆EW, and fractional EW variations, ∆EW/ EW , for variations on timescales of more than 1 yr. To maintain an equilibrium of BAL troughs in quasar spectra, we expect the weakening and strengthening of BAL troughs in a large sample to be balanced. To assess whether BAL-trough variations are balanced, we examine the mean values of the ∆EW and ∆EW/ EW distributions. We find that the mean of the ∆EW distribution for C iv BAL troughs is −0.082 ± 0.184Å and for Si iv BAL troughs is 0.101 ± 0.163Å. The error on the mean is calculated following σ/ √ N where N is the number of BAL troughs. Similarly, we find the mean of the ∆EW/ EW distribution for C iv BAL troughs is −0.032 ± 0.018 and for Si iv BAL troughs is −0.003±0.029. These results indicate that the mean values of the ∆EW and ∆EW/ EW distributions for C iv and Si iv BAL troughs are broadly consistent with zero.
We next investigated if the ∆EW and ∆EW/ EW distributions are symmetric. An asymmetric distribution could be seen, for instance, if the strengthening and weakening of BAL troughs occur at different rates. For example, if a typical BAL trough forms rapidly and decays slowly, the distribution of BAL variations would be skewed to negative ∆EW (i.e., the number of weakening BAL troughs would be larger at any given time). Gibson et al. (2010) showed that the distribution of ∆EW for 23 C iv BAL troughs is reasonably symmetric.
As can be seen in Figure 14 , the ∆EW and ∆EW/ EW distributions do not show clear evidence of asymmetry. For a more quantitative examination, we use a non-parametric triples test. The results of this test on the ∆EW distributions for C iv and Si iv BAL troughs show no significant evidence of asymmetry (P = 0.45 and P = 0.40, respectively). Similarly, we found no significant evidence of asymmetry for the ∆EW/ EW distributions for C iv and Si iv BAL troughs (P = 0.25 and P = 0.04, respectively).
As another approach to assess asymmetry, we compare the distributions of strengthening and weakening BAL troughs by running a two-sample KS test for the distributions of BAL troughs with increasing and decreasing EWs. The test results show that the positive and negative parts of the ∆EW distributions for C iv and Si iv BAL troughs do not show significant inconsistency (P = 0.58 and P = 0.83, respectively). Similarly, we find that the positive and negative parts of the ∆EW/ EW distributions for C iv and Si iv BAL troughs do not show significant inconsistency (P = 0.12 and P = 0.60, respectively).
Given that the test results show no significant evidence of asymmetry, we calculate the skewness of the ∆EW and ∆EW/ EW distributions to establish a basic limit upon the amount of asymmetry allowed by our data. We found that the skewness of the ∆EW distribution is −0.17 ± 0.12 for C iv BAL troughs and −0.17 ± 0.16 for Si iv BAL troughs. For the calculation of the error on skewness, we follow the standard approximate 6/N formula (Press et al. 1992) . The skewness of the ∆EW/ EW distribution is −0.33 ± 0.12 for C iv BAL troughs and −0.32 ± 0.16 for Si iv BAL troughs. We next investigated whether ∆EW and ∆EW/ EW are Gaussian distributed; following the central-limit theorem, many random variability processes will generate Gaussian distributions. Although their sample of BAL troughs was not large enough to draw firm conclusions about the characteristics of BAL variation distributions, Gibson et al. (2010) suggested that ∆EW may not be normally distributed over time spans of months-to-years. We analyze the shape of the ∆EW and ∆EW/ EW distributions for C iv and Si iv BAL troughs considering variations longer than 1 yr using the Lilliefors normality test (Lilliefors 1967 ). The test shows that both the ∆EW and ∆EW/ EW distributions for C iv and Si iv BAL troughs are non-Gaussian (at a significance level of > 99.9%). Figure 14 shows the best Gaussian model distributions for comparison purposes in each panel. Since the mean values of the ∆EW distributions are consistent with zero, we calculate the best Gaussian models using µ = 0 and the measured standard deviation of each distribution. For both C iv and Si iv BAL troughs, the distributions of ∆EW have a stronger central peak, and both of the distributions are weaker than the Gaussian distributions for |∆EW| ≈ 2-7Å. Similarly, the ∆EW/ EW distributions for C iv and Si iv BAL troughs are stronger for |∆EW/ EW | < 0.2 and weaker for a range of |∆EW/ EW | ≈ 0.2-0.6 compared to the Gaussian distributions.
A non-Gaussian distribution of EW variations on timescales of more than 1 yr may appear as a result of the superposition of several Gaussian distributions, each of which characterizes the EW variations in a small time interval (see Figure 10) . In order to test this hyphothesis, we ran a Lilliefors normality test for the ∆EW and ∆EW/ EW distributions in a small time interval. We selected the time interval of 2.0-2.5 yr, since a large number of BAL troughs are sampled in this range (see Figures 10 and 11) ; 156 C iv and 90 Si iv BAL troughs are sampled. The Lilliefors test showed that the ∆EW and ∆EW/ EW distributions for C iv and Si iv BAL-trough variations on ∆t min,1 = 2.0-2.5 yr are also non-Gaussian distributions (significance level of >95%).
We have also investigated the ∆EW and ∆EW/ EW distributions for C iv and Si iv BAL troughs on timescales of ∆t min < 1 yr. Performing the triples and Lilliefors tests, we found that the ∆EW and ∆EW/ EW distributions are also symmetric and non-Gaussian for both C iv and Si iv BAL troughs (significance level of >99.9%).
EW Variations as a Function of BAL-Profile
Properties In this section, we investigate EW variations of BAL troughs as a function of BAL-profile properties, such as average EW, velocity width, depth, and centroid velocity. Although Gibson et al. (2008) found no significant correlation between the magnitude of EW variations and the average EW of C iv BAL troughs, we search for correlations for both C iv and Si iv BAL troughs with a much larger sample for variations in three different timescale ranges. Figure 15 shows ∆EW as a function of EW for short (< 1 yr), moderate (1-2.5 yr), and long (> 2.5 yr) timescales. Here the average EW, EW , indicates the average of the measured EWs of each BAL trough in two-epoch spectra. The number of data points used is given in the lower right of each panel. We illustrate with dotted curves where the EW variation is equal to the average EW. We search for correlations using the Spearman rank-correlation test between |∆EW| and EW .
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The test results show that the correlations are highly significant (>99%) for C iv BAL-trough EW variations on short, moderate and long timescales. The |∆EW| for Si iv BAL troughs also likely correlates with EW on moderate timescales with a significance level of >95%. We do not detect significant correlations for variations of Si iv BAL troughs on short and long timescales, although these cases have the poorest trough statistics. These results suggest that weak BAL troughs tend to have small EW variations, an expected finding given that BAL troughs cannot weaken by more than their initial EWs measured in the first-epoch spectra. Remarkably, it is apparent in Figure 15 that weak BAL troughs also do not rise above the equality line. In addition, Figure 15 indicates that the EW variations of weak BAL troughs can be close to their average EWs.
Studies by Lundgren et al. (2007) and Gibson et al. (2008) suggested a significant correlation between the fractional variation of EW, ∆EW/ EW , and EW . To investigate this correlation in a large sample, in Figure 16 we show ∆EW/ EW as a function of EW for C iv and Si iv BAL troughs for three timescales. In agreement with these previous studies, we find that the correlations between |∆EW/ EW | and EW for C iv BAL troughs are highly significant (>99.9%) for all three timescale ranges. The test results demonstrate that the correlations between |∆EW/ EW | and EW for Si iv BAL troughs are also highly significant (> 99.9%) for variations on moderate and long timescales. The significance level of the correlation is 98.4% for variations of Si iv troughs on short timescales. Figure 16 shows that the fractional variations of small-EW BAL troughs are larger compared to large-EW BAL troughs. Consistent with our results, the studies by Lundgren et al. (2007) and Gibson et al. (2008) found the |∆EW/ EW | vs. EW correlation. However, they likely did not see significant correlation for |∆EW| vs. EW due to the small sample size.
Given that the width and depth of a BAL trough de- 14.-Distributions of BAL-trough EW variations, ∆EW, and fractional EW variations, ∆EW/ EW , for C iv (upper panels) and Si iv (lower panels) for variations on timescales of more than 1 yr. Black dashed lines show the best Gaussian fits to the data. Our main sample includes three of the disappearing C iv BAL troughs described in Filiz Ak et al. (2012) ; these are plotted with a dark gray histogram in the upper panels (see Section 5.3 for further discussion). Our main sample also includes one additional new case of C iv BAL disappearance that satisfies the disappearance criteria used in Filiz Ak et al. (2012) ; this case is plotted in the upper panel at ∆EW/ EW = −1.5 and is found in the quasar SDSS J095901.24+550408.2. The cases of BAL disappearance appear to be an extreme of the overall distribution of BAL variability, rather than a distinct population of variability events. None of the disappearing C iv BAL troughs has a Si iv BAL trough at corresponding velocities at our observed epochs.
termine its EW, we assess the contributions of these two components to the significant correlation found between |∆EW| and EW for C iv BAL troughs. We search for correlations between BAL-trough width, ∆v, and BAL- trough depth, d BAL (defined in Section 3.2), vs. |∆EW| for variations on short, moderate, and long timescales (see Figure 17) .
The Spearman test results show significant (>99.9%) correlations between |∆EW| and ∆v for all three timescale ranges indicating that wider BAL troughs tend to vary more than narrower ones; this is perhaps as expected since wider BAL troughs might have a better chance of containing variable regions. Unlike BALtrough width, we find no significant correlation between |∆EW| and d BAL . However, we do note from Figure 17 that the EWs of the deepest BAL troughs (those with d BAL > 0.6) appear to vary less than shallower ones. An even larger sample will be required to investigate this behavior reliably since we have limited trough statistics at large values of d BAL . This apparent behavior could be due to more saturated absorption at large d BAL values; BAL absorption is often saturated and, due to partial covering, saturated BALs are usually found as non-black absorption (e.g., Hamann 1998; Arav et al. 1999) .
The ∆EW distribution as a function of d BAL suggests that shallow BAL troughs on average increase their EWs and deep BAL troughs on average decrease their EW on moderate and long timescales (see Figure 17) . We search for a correlation between ∆EW and d BAL using the Spearman test and find likely correlations for both moderate and long timescales (P = 2.6% and P = 5.6%, respectively). To show this trend, we also compare the mean ∆EW values for BAL troughs that are deeper and shallower than the median BAL trough depth. The median BAL-trough depth is 0.32 for moderate timescales and 0.31 for long timescales. We found the mean ∆EW values to be 0.95 ± 0.30Å for BAL troughs with d BAL < 0.32 and −0.42 ± 0.34Å for BAL troughs with d BAL > 0.32 on moderate timescales. Similarly, for variations on long timescales the mean ∆EW values are 0.94 ± 0.29Å and −0.32 ± 0.36Å for BAL troughs shallower and deeper than d BAL = 0.31, respectively. These results indicate that the statistical variation of a BAL trough depends not just on its EW and on the timescale between spectra, but also on its depth.
It has been found in previous studies that weak BAL troughs generally can achieve higher velocities than strong BAL troughs (e.g., Gibson et al. 2009; Capellupo et al. 2011; Filiz Ak et al. 2012) ; our data also show this trend. Considering our results indicate that weak BAL troughs tend to have smaller EW variations, we search for correlations between |∆EW| and central velocity of a BAL trough, v cent (see Section 3.2 for definition). Figure 17 displays ∆EW for C iv BAL troughs as a function of v cent for variations on three different timescales. Spearman test results show no significant correlations for variations on short, moderate, and long timescales.
BAL variability has been noted to be fractionally stronger among weaker troughs (e.g., Lundgren et al. 2007; Gibson et al. 2008; Capellupo et al. 2011) . However, since the average outflow velocity is higher for the population of weak BAL troughs than for strong troughs, this finding could, in principle, ultimately be a velocity effect. Owing to limited sample sizes, it has been difficult to assess if trough weakness or trough velocity is the primary driver of increased fractional BAL variability (e.g., Capellupo et al. 2011; Filiz Ak et al. 2012) . To assess this with our larger sample, in Figure 18 we plot ∆EW/ EW vs. both EW and v cent . Spearman test results show that there is a clear correlation between |∆EW/ EW | and EW (significance level of > 99.9%), but no significant correlation between |∆EW/ EW | and v cent . Therefore, our results establish that trough weakness is indeed the primary driver of increased fractional BAL variability.
We also search for correlations between |∆EW| and ∆v, d BAL , and v cent for Si iv BAL troughs on three different timescales using Spearman tests. The test results show highly significant (>99.9%) correlations between |∆EW| and ∆v for Si iv BAL troughs on all three timescales. Similar to the results for C iv BAL troughs, we found no significant correlation between |∆EW| and d BAL or |∆EW| and v cent for Si iv BAL troughs.
Comparison of C iv vs. Si iv EW Variations
Owing to the differences in ionization potentials (45.1 eV for Si iv and 64.5 eV for C iv), abundances, and consequently optical depths, comparisons of BAL-trough variations between C iv and Si iv BAL troughs have an important role in assessing possible causes of BAL variations. To investigate variations of C iv and Si iv BAL troughs from the same absorbing material, we compare EWs and EW variations of BAL troughs of these two ions at corresponding velocities.
As is well known from previous studies (e.g., Weymann et al. 1991; Barlow 1993; Gibson et al. 2009 Gibson et al. , 2010 Capellupo et al. 2011 Capellupo et al. , 2012 , C iv BAL troughs are not always accompanied by Si iv troughs. Therefore, we search for a C iv BAL trough in overlapping velocity ranges for each Si iv BAL trough in two-epoch spectra of each quasar that sample minimum timescales of more than 1 yr, ∆t min,1 . Given that the Si iv BAL region can be contaminated by other lines between −13000 and −30000 km s −1 (see Section 4.1), in this comparison we search for accompanying C iv BAL troughs for a total of 136 Si iv BAL troughs with −3000 > v cent > −13000 km s −1 . Figure 19 compares the average EW values, EW , for C iv and Si iv BAL troughs in overlapping velocity ranges. Consistent with previous studies (e.g., Gibson et al. 2009 Gibson et al. , 2010 Capellupo et al. 2012) , we find that Si iv absorption tends to be weaker than C iv absorption present at the same velocities. The vast majority of Si iv BAL troughs (≈ 96%, 130 of 136) have EWs smaller than the corresponding C iv troughs.
A number of previous studies have searched for correlations between the variations of BAL troughs of different ions. Gibson et al. (2010) studied variations of nine C iv and Si iv BAL troughs. Although they were not able to find any correlation between EW variations of C iv and Si iv BAL troughs, they showed a strong correlation for fractional variations (see their Figures 11 and  12) . Gibson et al. (2010) showed that fractional variations of Si iv absorption tend to be larger than those of C iv. Capellupo et al. (2012) monitored the C iv and Si iv BAL variability relationship using multi-epoch observations of a sample of 24 quasars. Although they were unable to demonstrate any significant correlation between absolute variations of C iv and Si iv troughs (see their Figures 6 and 7) , they noted a weak trend toward greater fractional change for Si iv. Figure 20 presents comparisons of ∆EW and fractional ∆EW measurements for C iv and Si iv BAL troughs in overlapping velocity ranges. Consistent with previous studies, the EW variations of C iv and Si iv BAL troughs almost always occur in the same direction, and both the ∆EW and ∆EW/ EW of C iv and Si iv BAL troughs are clearly correlated. The Spearman test results demonstrate that the correlations are highly significant (> 99.9%) for both measurements. We also found that both the |∆EW| and |∆EW/ EW | of C iv and Si iv BAL troughs are strongly correlated (at > 99.9% significance), indicating that while the BAL troughs almost always vary in the same direction, the magnitudes of the variations are also correlated.
As is apparent from Figure 20 , both the ∆EW and ∆EW/ EW correlations have significant intrinsic scat- ter. To determine the relationship between EW variations of C iv and Si iv BAL troughs, we use a Bayesian linear-regression model that considers the intrinsic scatter of the sample (Kelly 2007) . The algorithm estimates regression parameters using random draws from the posterior distribution. We calculate the mean and standard deviation of model parameters that are found using 10000 random draws from our sample. Using the linear- following relations:
The standard deviation of the intrinsic scatter is 3.034Å for the ∆EW and 0.123 for the ∆EW/ EW distributions between C iv and Si iv BAL troughs. Equation 8 shows that the slope of the relationship between ∆EW for C iv and Si iv BAL troughs is close to unity. The dispersion of the data points increases for large variations of C iv BAL troughs, indicating a possible non-linear component of correlation, especially for |∆EW C IV | 10Å. The ∆EW/ EW relation between C iv and Si iv BAL troughs shows that the fractional EW variation of C iv BAL troughs is about half of the fractional EW variation of Si iv BAL troughs at a corresponding velocity. This result is consistent with the findings of Gibson et al. (2010) and Capellupo et al. (2012) .
In Section 4.5, we showed that weak BAL troughs tend to have larger fractional EW variability compared to strong BALs. In order to assess if the fractional EW of Si iv BAL troughs is more variable because, in general, Si iv BAL troughs are weaker than C iv BAL troughs (see Figure 19 ), we examine Si iv and C iv BAL troughs with similar EWs. We select a subset of BAL troughs where 0.8 < EW Si IV / EW C IV < 1.2 (a total of 17 cases) and repeat the linear-regression modeling. Analogous to Equation 8, we found the relation between ∆EW for these similar-strength C iv and Si iv BAL troughs to be ∆EW C IV = (0.486 ± 0.267) × ∆EW Si IV + (0.159 ± 0.413), indicating that Si iv troughs vary more in EW compared to C iv troughs of matched EW. Unfortunately, however, we could not derive a useful analog to Equation 9 since the fitted slope was poorly constrained by the data, and thus further work is needed to address this matter.
Physically, we do expect the fractional variations of Si iv to be usually equal to or larger than those of C iv. BAL troughs have lower column densities and covering factors in Si iv than in C iv (e.g., Baskin et al. 2013 ). This situation arises primarily because the peak ionization fraction of Si iv is a factor of 2.5 lower than that of C iv and occurs at a slightly lower ionization parameter (e.g., Figure 4 of Hamann et al. 2000) . Thus, C iv and Si iv absorption do not arise from exactly the same parts of an absorbing structure. When an absorbing cloud has a column high enough for the ionization inside it to decrease to the level where C iv is found, the cloud will produce C iv absorption; when the cloud has an even higher column, then both C iv and Si iv absorption will be produced. As a consequence, C iv and Si iv absorption are likely to be on parts of their curves of growth where we see either EW changes in C iv with no detectable Si iv absorption, small EW changes in saturated C iv and large EW changes in unsaturated Si iv (i.e., larger fractional change in Si iv), or small EW changes in both C iv and Si iv due to saturation (equal fractional changes). The foregoing reasoning applies regardless of the origin of variations in C iv and Si iv absorption along the line-of-sight. Our data do rule out a scenario where all trough variations are due to the motion across the line-of-sight of clouds of uniform optical depth.
Coordination of EW Variations in BAL Quasars
with Multiple Troughs Quasars with multiple BAL troughs of the same ion provide an opportunity to investigate connections between distinct BAL troughs at different velocities. Using observations of BAL quasars with multiple troughs, Filiz Ak et al. (2012) demonstrated that variations in the EWs of multiple C iv BAL troughs are strongly correlated; when one BAL trough in a quasar spectrum disappears the other troughs present usually (11 out of 12 BAL troughs) weaken even for velocity offsets as large as 10000-15000 km s −1 . Consistent with this, Capellupo et al. (2012) show that BAL variations at different velocities in the same ion almost always show coordinated variations.
For the purpose of investigating coordinated variations of multiple BAL troughs of the same ion, we select 107 quasars with multiple C iv BAL troughs from our main sample. We compare EW variations of the lowest-velocity BAL trough with those of the other BAL troughs (i.e., BAL troughs at higher velocities) present in the same pair of spectra. We detect a total of 137 highervelocity BAL troughs in the spectra of these 107 quasars. Figure 21 shows the EW variation of the lowest-velocity BAL trough, ∆EW low vel , as a function of EW variations for higher-velocity distinct BAL troughs, ∆EW high vel , for variations on timescales of more than 1 yr. Similarly, we compare fractional EW variations for the lowest and higher-velocity BAL troughs in Figure 21 . Variations of distinct troughs are correlated, although there is substantial scatter in the correlations. The Spearman test shows that both of the apparent correlations for C iv BAL troughs are highly (> 99.9%) significant.
In order to assess correlations for magnitudes of ∆EW and ∆EW/ EW between the lowest-velocity and highervelocity BAL troughs, we run the Spearman test again using the absolute values of the measurements and found highly significant (> 99.9%) correlations.
To quantify the relationship between EW variations of the lowest-velocity and higher-velocity BAL troughs, we use the Bayesian linear regression model of Kelly (2007) , considering the intrinsic scatter of the sample. Using this algorithm, we found the following relations: (11) The standard deviation of the intrinsic scatter is 2.769Å for the ∆EW and 0.324 for the ∆EW/ EW distributions for multiple C iv BAL troughs. Equation 10 indicates that BAL troughs at higher velocities tend to have smaller EW variations compared to the lowest-velocity BAL troughs. This result is expected considering that small-EW BAL troughs can achieve higher velocities, and they also tend to have small ∆EW values (see Section 4.5 and Figure 15 ). The slope of Equation 11 is close to unity, indicating that multiple BAL troughs present in the same two-epoch spectra show similar fractional EW variations. This result is even more interesting given that weak BAL troughs tend to have larger ∆EW/ EW compared to strong ones (see Section 4.5 and Figure 16 ).
Owing to their large fractional variations, disappearing or emerging BAL troughs (see Section 5.3) stand out in the lower panel of Figure 21 . The higher-velocity BAL trough of the quasar SDSS J143948.06+042112.8, an emergence candidate with ∆EW/ EW high vel = 1.46, is found as an outlier at the top-left of the plot. The other emergence candidate, the higher-velocity BAL trough of the quasar SDSS J151312.41+451033.9, is found at the extreme of the correlation with ∆EW/ EW high vel = 1.34. Similarly, the higher-velocity BAL trough of SDSS J095901.24+550408.2 that satisfies the disappearance criteria used in Filiz Ak et al. (2012) is shown at the lower-left of the plot (∆EW/ EW high vel = −1.5). Table 6 presents the number of additional BAL troughs that vary in the same or opposite direction as the lowestvelocity BAL trough. We found that 78.1 ± 8.3% of the additional C iv BAL troughs show correlated variations with the lowest-velocity BAL trough. A combinatorial probability calculation shows that the probability of obtaining such a result for independently varying BAL troughs is ≈ 10 −12 . Assuming that C iv BAL trough pairs show a mixture of perfectly correlated and perfectly uncorrelated variations, then some apparently correlated variations will in fact be uncorrelated variations that appear correlated just by chance. Accounting for those cases using Table 6 , the fraction of C IV BAL troughs with variations arising from a mechanism correlated between troughs is 77/137, or 56.2 ± 7.2%.
To determine the velocity range over which coordinated variations of multiple troughs occur, we calculate the velocity offset of those BAL troughs at higher velocities from the lowest-velocity BAL trough present in the same pair of spectra. Figure 22 shows the percentage of additional C iv BAL troughs at a given velocity offset with increasing strength (∆ EW > 0) and decreasing strength (∆ EW < 0) in comparison with the ∆EW variation of the lowest-velocity BAL trough. We find that even BAL troughs separated from the lowest-velocity trough by 15000-20000 km s −1 show generally correlated variations. Figure 21 indicates that BAL troughs with small velocity offsets plausibly have similar scatter about the correlations as troughs with large velocity offsets. To assess if troughs with small velocity offsets show better coordination than those with large velocity offsets, we investigate the fraction of BAL troughs showing coordinated variations as a function of velocity offset using the velocity ranges given in Figure 21 . We found that the fraction of higher-velocity BAL troughs showing coordinated variations is constant at ≈ 78% within the error bars, indicating no strong dependence upon velocity offset.
We also examine the coordination of multiple troughs for the Si iv transition. Similar to C iv BAL troughs, the ∆EW and ∆EW/ EW variations for Si iv are correlated; the Spearman test indicates that the significance level is > 99.9% for both correlations. As for C iv BAL troughs, multiple Si iv BAL troughs also tend to vary in the same direction. The Si iv BAL-trough region, however, is subject to contamination by some other lines in the velocity range of 13000-30000 km s −1 (see Section 4.1). Considering such contamination, we do not perform further examinations for multiple Si iv troughs.
EW Variations as a Function of Quasar Properties
In this section, we study BAL-trough EW variations as a function of quasar properties, including luminosity, Eddington luminosity ratio, redshift, and radio loudness.
Luminosity
Previous studies (e.g., Kaspi et al. 2005; Bentz et al. 2009 ) have investigated the relationship between luminosity and broad-line region (BLR) size in AGN. In these studies the derived power-law relation indicates that the size of the BLR increases with increasing quasar luminosity. Given that the BAL region often lies outside the BLR (e.g., BALs often absorb BLR emission), this relation may also be indicative of an increasing size and decreasing orbital (transverse) velocity of the BAL region with increasing luminosity. A dependence of the transverse BAL velocity, and/or continuum source region size, on luminosity can potentially change the variability of BAL outflows as a function of luminosity. Furthermore, Laor & Brandt (2002) found a correlation between outflow velocity and quasar luminosity, indicating that BAL troughs in luminous quasar spectra can achieve higher velocities. Later, a study by Ganguly et al. (2007) investigated outflows and the physical properties of quasars using a sample of 5088 quasars. In addition to finding consistent results with Laor & Brandt (2002) on the luminosity-outflow relation, Ganguly et al. (2007) showed that the fraction of BAL quasars (relative to all quasars) increases with increasing luminosity. Therefore, we investigate BAL-trough EW variations as a function of the quasar bolometric luminosity, L Bol . As mentioned in Section 2.2 L Bol values are taken from Shen et al. (2011) .
In Figure 23 , we show the dependence of ∆EW for C iv and Si iv BAL troughs upon L Bol for variations on three different timescales. In each panel of Figure 23 , we show standard-deviation curves calculated using a sliding window for luminosity-ordered data points where the mean EW error in each window is statistically removed from the curve. The number of data points contained in each window is given in the lower left of each panel of Figure 23 . If BAL variability decreased with luminosity, one would expect to see a larger scatter of the data points at low luminosities as a result of EW variations in both directions (and vice versa for increasing variability with luminosity). In Figure 23 , the standard deviation curves for C iv and Si iv on moderate and long timescales may be indicative of BAL variability decreasing with luminosity.
To assess formally any correlation between L Bol and |∆EW|, we use the Spearman test. Table 7 lists the test probability results along with the number of data points in each timescale range. Generally, we do not find significant evidence for correlations between L Bol and |∆EW| or L Bol and |∆EW/ EW |. The one exception is for C iv troughs on moderate timescales (99.8% significance); this is also the case where we have the best trough statistics. However, given the number of trials in our correlation tests, we do not regard this one case as strong evidence for luminosity dependence. Proga & Kallman (2004) suggested that the presence of radiatively driven disk winds is highly sensitive to the ratio of the quasar bolometric luminosity to the Eddington luminosity, L Bol /L Edd . Therefore, quasar BAL properties are plausibly expected to depend upon L Bol /L Edd . Indeed, studies by Laor & Brandt (2002) and Ganguly et al. (2007) found a correlation between the outflow velocity of quasar winds and L Bol /L Edd . To assess the effect of L Bol /L Edd on the variability of the BAL region, we investigate correlations between BALtrough EW variations and L Bol /L Edd . Shen et al. (2011) calculated L Bol /L Edd values using the virial black-hole mass which is estimated using the C iv emission line for z ≥ 1.9 quasars. As is well known (e.g., Shen et al. 2008 Shen et al. , 2011 Shen 2013 , and references therein), L Bol /L Edd calculations using the C iv emission line show a larger scatter compared to other emission lines such as Hβ and Mg ii. Therefore, uncertainties in the L Bol /L Edd measurement may hide any underlying correlations. Figure 24 shows ∆EW for C iv and Si iv BAL troughs as a function of L Bol /L Edd on short, moderate and long timescales. Similar to Figure 23 , we show the standarddeviation curves computed with a sliding window in each panel of Figure 24 . As for luminosity, if BAL variability decreased (increased) with Eddington luminosity ratio, one would expect to see a larger (smaller) scatter of the data points at low Eddington-normalized luminosities. However, the standard-deviation curves do not indicate such a trend for C iv and Si iv BAL troughs on the sampled timescales.
Eddington Luminosity Ratio and SMBH Mass
We run Spearman tests to assess connections between BAL EW variations and L Bol /L Edd . The test results generally show no evidence of significant correlations between L Bol /L Edd and |∆EW| or L Bol /L Edd and |∆EW/ EW | for C iv and Si iv BAL troughs on the sampled timescales (see Table 7 ). However, as for luminosity, the small probability for C iv troughs on moderate -EW variability of C iv (upper panels) and Si iv (lower panels) BAL troughs as a function of quasar bolometric luminosity, L Bol , for three different rest-frame timescales as labeled. The black curves in each panel show the running rms computed with a sliding window; the window width, in terms of number of troughs, is given in the lower left of each panel. If BAL variability decreased (increased) strongly with luminosity, one would expect to see a larger (smaller) scatter of the data points at low luminosities. We do not find significant evidence for such behavior on any of the sampled timescales, at least over the order-of-magnitude in luminosity with significant coverage.
timescales might be indicative of a correlation between L Bol /L Edd and |∆EW|. This result is consistent with the test result between L Bol and |∆EW| considering the strong relation between L Bol and L Bol /L Edd .
In addition, we assess any correlation between EW variations of BAL troughs and SMBH mass estimates from Shen et al. (2011) . The Spearman test results show no evidence of significant correlations between M BH and |∆EW| or M BH and |∆EW/ EW | for C iv and Si iv BAL troughs on the sampled timescales (see Table 7 ). 
Redshift
It is also of interest to assess any dependence of BAL variability upon redshift; e.g., since Allen et al. (2011) reported a relation between the fraction of BAL quasars and redshift. Therefore, we investigate correlations between quasar redshifts and EW variations on short, moderate, and long timescales. Plots similar to Figures 23 and 24 generally do not show significant relations with redshift, consistent with the results in Table 7 .
Radio Loudness
Do BAL troughs in radio-quiet and radio-loud quasars vary differently? Given that the presence of powerful radio jets in a quasar appears to affect its wind properties (e.g., Becker et al. 2000; Shankar et al. 2008; Miller et al. 2009 Miller et al. , 2012 Welling et al. 2013) , different BAL variability might be expected for radio-loud quasars.
To address this issue, we first examine ∆EW and ∆EW/ EW as a function of R for BAL variations on timescales of more than 1 yr; here R is the radio-loudness parameter calculated by Shen et al. (2011) using VLA FIRST observations (see Section 2.2). Radio emission is detected from 33 of our main-sample quasars, nine of which have R > 100 and thus are radio-loud. We identified 40 C iv and 28 Si iv BAL troughs in multi-epoch spectra of these 33 quasars. In Figure 25 , we show the distribution of ∆EW for the 40 C iv BAL troughs as a function of R. A Spearman test shows no indication of a significant correlation between |∆EW| and R. Similarly, we find no significant correlation between |∆EW/ EW | and R. We repeat the correlation tests for those nine radio-loud quasars with R > 100 and found no significant correlations.
Second, we compare BAL-trough EW variations on matched timescales for radio-detected (R 1) and radionon-detected (R 1) quasars. We randomly select a sample of C iv BAL troughs of radio-non-detected quasars that have matching timescales with the 40 C iv BAL troughs, and then run a two-sample KS test comparing the ∆EW distributions of these two samples. The KS test results show no inconsistency between the two ∆EW distributions. Similarly, we do not find significant inconsistency from the comparison of the ∆EW/ EW distributions.
We also repeat the matched-sample selection and KS tests for those nine radio-loud quasars with R > 100. We find no inconsistency between BAL-trough variability of radio-loud and radio-non-detected quasars from the comparison of the ∆EW and ∆EW/ EW distributions for C iv BAL troughs.
DISCUSSION
In Section 4, we presented our main observational results with generally limited physical discussion. In this section, we therefore examine the physical implications of our most notable findings for quasar winds.
The Frequency of BAL Variations
Our large sample demonstrates that C iv and Si iv BAL variations are common on multi-year rest-frame timescales. About 50-60% of both C iv and Si iv BALs vary detectably over 1-3.7 yr, with the exact derived fraction depending upon the approach taken in variable BAL-trough identification. The fraction of quasars showing BAL-trough variability is even higher, since some BAL quasars possess more than one trough. Using the two-epoch observations of our sample, we find that 62.2 +4.9 -EW variation for C iv BAL troughs as a function of radio-loudness parameter, R, for variations on timescales of more than 1 yr. Individual data points are plotted for quasars with radio detections in the FIRST catalog, while a histogram is shown along the left-hand side for quasars lacking radio detections. We do not find strong evidence for changes in BAL variability with R.
of quasars than past work, and they also do not suffer from systematic uncertainty owing to multi-counting biases (see Footnote 19) or preferential observation of BAL quasars known to show trough variability (e.g., see Section 3.3 of Capellupo et al. 2013 ). However, our results are generally consistent with past studies. For example, Capellupo et al. (2013) found that ≈ 55% of their sample of BAL quasars showed C iv trough variability on a timescale of 2.5 yr (see their Figure 12 ). Gibson et al. (2008) found that 12 of their 13 (≈ 92%) BAL quasars showed C iv trough variability, although they sampled longer timescales of 3-6 yr where a higher percentage of variable BAL quasars is expected.
The high incidence of BAL variability that we find on multi-year timescales is generally supportive of models where most BAL absorption arises within about an order-of-magnitude of the radial distance of the launching region; i.e., 10-1000 light days (see Section 1). However, our results are still consistent with a significant fraction of BAL absorption arising on larger scales. Indeed, some of the troughs in our sample remain remarkably stable over multiple years in high-quality spectra (e.g., see Figure 26 ). This result is consistent with independent findings that some BAL absorption arises on ≈ 100-3000 pc scales (e.g., Faucher-Giguère et al. 2012; Arav et al. 2013; Borguet et al. 2013) , although lack of variability does not strictly require that the absorption arises on these size scales. In some cases, we find both remarkably stable as well as variable troughs in the same object (e.g., SDSS J141513.99+365412.2 and SDSS J225608.48+01557.7 in Figure 26 ), suggesting that BAL absorption may arise over a wide range of size scales. Those BAL troughs believed to be formed on ≈ 100-3000 pc scales should be intensively monitored for variability as an independent check of their distance from the SMBH.
Constraints Upon BAL Lifetimes
In Section 4.3, we examined the behavior of ∆EW and ∆EW/ EW for BAL troughs as a function of rest-frame timescale. One implication of these results is that we can make basic order-of-magnitude estimates of the average "lifetime" of a BAL trough; here the lifetime represents the time over which a BAL trough is seen along our line-of-sight and not necessarily the physical lifetime of the absorbing structure (e.g., a structure could remain intact but move out of our line-of-sight). We use Equation 6 considering that a BAL trough will disappear when the magnitude of its EW variation is equal to its EW, |∆EW| = EW. In our current sample the measured EWs are in the range 0.3-87.5Å with a median of 10.9Å. Given that the strengthening and weakening of BAL troughs occur at similar rates (see Section 4.4), solution of Equation 6 for |∆EW| = 10.9Å gives half of an average BAL lifetime (the other half corresponds to the BAL strengthening from 0Å to 10.9Å). Therefore, this approach reveals that t BAL = 1600 +2100 −900 yr. The large error bars of our lifetime estimate largely arise because of the significant difference between the sampled timescales and the derived lifetime. Although the measurements underlying Equation 6 span a factor of ≈ 10 3 in timescale, the lifetime appears a factor of ∼ 10 3 longer still (and thus, of course, the extrapolation used to estimate a lifetime needs to be treated with caution). Our estimate of the average BAL lifetime is consistent with the lower limits for BAL lifetime in Gibson et al. (2008 Gibson et al. ( , 2010 and Hall et al. (2011) . We note that this average lifetime is long compared to the orbital time of the accretion disk at the expected wind launching radius of 10-100 light days (for a 10 9 M ⊙ SMBH, t orb is ∼ 50 yr). It is also long, or at best comparable to, the orbital time at the radius of the BLR of ≈ 1 light year (e.g., Kaspi et al. 2007 ; t orb ∼ 500 yr).
One should keep in mind that BAL lifetimes derived with the above approach depend significantly upon EW, and thus the lifetimes derived here are in agreement with those estimated by Filiz Ak et al. (2012) we find t BAL = 60 
Relation of BAL Disappearance and Emergence to
General BAL Variability In this section, we assess where BAL disappearance and emergence events lie within the distribution of BAL EW variability. Since our sample-selection criteria (see Section 2.2) limit the redshift, SN 1700 , and BI ′ more strictly than in Filiz Ak et al. (2012) , our main sample includes only three of the disappearing C iv BAL troughs described in Filiz Ak et al. (2012) . None of these three has a Si iv BAL trough at corresponding velocities at any epoch. Figure 14 displays the three examples of disappearing C iv BAL troughs. Filiz Ak et al. (2012) found that disappearing BAL troughs tend to have relatively small EWs in their first-epoch spectra; the three examples of disappearing C iv BAL troughs lie between 0 and −5Å in the ∆EW distribution. In the distribution of fractional EW variations, all three of the disappearing C iv BAL troughs lie at the negative extreme of the distribution, although they are not a distinct population. These examples of BAL disappearance indicate that disappearance is an extreme example of general BAL variability, rather than a qualitatively distinct phenomenon.
We have visually inspected the BAL troughs whose EWs decreased by at least a factor of five between the two epochs (i.e., BAL troughs with ∆EW/ EW < −1.33).
Our main sample includes one additional case of C iv BAL disappearance that satisfies the disappearance criteria used in Filiz Ak et al. (2012) ; this trough, in the quasar SDSS J095901.24+550408.2, is plotted in the upper-right panel of Figure 14 at ∆EW/ EW = −1.5. Two of the main-sample quasars (SDSS J092522.72+370544.1 and SDSS J112055.79+431412.5), whose Si iv BAL trough EWs decreased by at least a factor of five between the two epochs, can be classified as candidates for quasars with disappearing Si iv BAL troughs. The corresponding C iv BAL troughs of these two quasars do not disappear.
Visual inspection of the BAL troughs whose EWs increased by at least a factor of five between the two epochs (i.e., BAL troughs with ∆EW/ EW > 1.33) shows that two of the C iv BAL troughs (for the quasars SDSS J143948.06+042112.8 and SDSS J151312.41+451033.9) and two of the Si iv BAL troughs (for the quasars SDSS J145045.42−004400.2 and SDSS J160202.40+401301.4) can be classified as candidates for BAL-trough emergence. These emergence events lie at the positive extreme of the distribution of fractional EW variations, but again do not appear to be a distinct population. The detailed analysis of emergence is beyond the scope of this study, but we plan to address this topic in future work.
A Random-Walk Model for The Evolution of BAL
Troughs Modelers of quasar winds have not yet been able to make quantitative predictions of how BAL-trough EWs should evolve over time, and thus it is not possible to use our observational data on this topic to test wind models directly. Therefore, as an alternative, we test and constrain a "toy" model where long-term EW variations occur as a series of discrete events. Assuming that a BAL-trough EW varies by a fixed amount δEW after a fixed time step δt, we use a simple one-dimensional (unbiased) random-walk model to characterize the EW evolution. Therefore, we assume that over a period of time, T , a BAL trough undergoes n = T /δt changes to its EW. For the purpose of defining T , we select our data to examine BAL-trough EW variations on timescales of 2.0-2.5 yr (see Section 4.4 for the motivation for this interval choice). Therefore, we assume each BAL trough evolved with the same number of steps over a time T = 2.25 yr (i.e., the mean of the sampled timescales in this interval). The ∆EW distribution for C iv BAL-trough variations -Distribution of C iv BAL-trough EW variations, ∆EW, for variations on timescales of 2.0-2.5 yr and a binomial distribution calculated for a random-walk model with six steps and a step size of 1.65Å . We bin our ∆EW data at a bin width of 2Å, and calculate the counting errors following Gehrels (1986) . The black dashed line shows the best-matching Gaussian distribution. on 2.0-2.5 yr timescales is shown in Figure 27 .
A random-walk model produces a binomial distribution for ∆EW determined by two parameters: the number of steps, n, and the size of each step, s. To determine the random-walk model that best matches our data, we produced a set of binomial distributions using different numbers of steps and step sizes, and performed a χ 2 test between our data and each distribution. A random-walk model with n = 6 and s = 1.65Å yields the minimum χ 2 for C iv BAL troughs on timescales of 2.0-2.5 yr. The best-fitting parameters suggest that C iv BAL troughs in this model tend to evolve in a small number of steps on 2.0-2.5 yr timescales. Figure 27 shows the binomial distribution that best matches the ∆EW distribution. The P (χ 2 , ν) = 64.3% for the bestfitting model indicates that the data are consistent with the random-walk model. We calculate confidence intervals for the model parameters using numerical ∆χ 2 confidence-region estimation for two parameters of interest (see Section 15.6.5 of Press et al. 1992) . In Figure 28 , we show confidence intervals of 68.3%, 90%, and 99% for two parameters of interest. The best-fitting fixed time step is δt = 137 +46 −53 days; we calculate uncertainties on this parameter at 68.3% confidence.
A binomial distribution produced by a random-walk model closely approximates a Gaussian distribution for a large number of steps (n 20); for a smaller number of steps the binomial distribution remains non-Gaussian. Consistent with the fact that the ∆EW distribution for C iv BAL troughs on 2.0-2.5 yr timescales is nonGaussian (see Section 4.4), the results in Figure 28 show that our data on the ∆EW distribution for C iv BAL troughs reject any Gaussian approximation (i.e., large values of n are disfavored). As for the ∆EW distributions in Section 4.4, the binomial model distribution also has a stronger central peak compared to the Gaussian approximation.
Similarly, we use a random-walk model to describe the evolution of Si iv BAL-trough EWs. The best-fitting model parameters for Si iv BAL-trough EW variations on timescales of 2.0-2.5 yr are n = 6 and s = 1.56Å with P (χ 2 , ν) = 25.2%. The best random-walk model parameters for both C iv and Si iv BAL troughs are almost identical; this result is broadly consistent with the correlated C iv and Si iv BAL-trough variations discussed in Section 4.6.
Using the best-fitting random-walk model (n = 6, s = 1.65Å) calculated for C iv BAL-trough EW variations on timescales of 2.0-2.5 yr, we simulated EW variations for a sample of C iv troughs; we selected the simulated sample to have the same size as our main sample (428). Figure 29 shows a comparison between the simulations and observed EW variations on timescales of 5.9 hr to 3.7 yr. Given that the fixed time step is larger than the shorter timescales sampled by our data, we randomly select the start time of each simulated trough and preserved δt = 137 days for each step. As can be seen in Figure 29 , the best-fitting random-walk model on timescales of 2.0-2.5 yr appears to represent acceptably the range of EW variations on a larger range of timescales. We also compared sliding-window standard deviation curves computed for the data and the model. These curves are consistent on timescales of 100-1400 days, and on shorter timescales the data are too limited for proper comparison.
The simple random-walk model examined above should only be considered to be an approximation of a more complex reality; e.g., BAL EWs surely do not evolve via discrete steps after remaining constant for a fixed interval. Nevertheless, the basic apparent success of this model suggests that some of its features are of importance. For example, the derived characteristic timescale of ≈ 137 days may represent the length of time that BAL EWs tend to increase/decrease monotonically. This timescale also suggests that the distribution of BAL EW values will only approximate a Gaussian for monitoring periods of 7.5 yr in the rest frame. 2012). This phenomenon is found for both C iv and Si iv troughs; e.g., for C iv the derived probability of this phenomenon being due to chance is ≈ 10 −12 . Our investigations of coordinated multi-trough variability show that it is present even for velocity offsets as large as 15000-20000 km s −1 . Coordinated multi-trough variability might appear somewhat surprising in the context of quasar-wind models (see Section 1), and it can provide insights into the drivers of BAL variability more generally. Absorption troughs at widely separated velocities should be formed in outflow streamlines that are widely physically separated and thus largely unrelated. Some mechanism capable of acting over a wide range of radii must be present to enforce the coordinated multi-trough variability. Consideration of current quasar-wind models suggests a possible enforcement mechanism is substantial changes in the amount of "shielding gas" along the lineof-sight (e.g., Misawa et al. 2007; Filiz Ak et al. 2012) ; the shielding gas prevents BAL outflows from being overionized by nuclear extreme UV (EUV) and X-ray photons (e.g., Murray et al. 1995; Proga 2000) . Shieldinggas variability is likely according to quasar-wind simulations (e.g., Proga 2000; Sim et al. 2010 Sim et al. , 2012 , and it may have been detected in a couple of BAL quasars (e.g., Gallagher et al. 2004; Saez et al. 2012) . It can arise due to internal gas motions and/or accretion-disk rotation at the relatively small radii where the shielding gas is located. Changes in the column density of shielding gas can increase or decrease the level of ionizing EUV/X-ray radiation reaching the BAL wind. In response to this variation, absorption components at different velocities can rise or fall in ionization level together, leading to coordinated multi-trough variations.
21 Of course, this same mechanism might be applicable to single-trough BAL quasars as well and thus much of BAL variability in general.
One method for testing this scenario would be to ex- 21 The absorption depth in less-saturated regions of absorption would naturally be more responsive to ionization changes than that in highly saturated regions, and such velocity dependent saturation effects might explain how C iv and Si iv variations usually occur in relatively narrow portions of BAL troughs (see Section 4.2).
amine the continuum variability of quasars showing coordinated multi-trough variations. Ideally one would measure the relevant EUV/X-ray ionizing continuum directly, but measurements of the more straightforwardly accessible rest-frame UV continuum might suffice. Unfortunately, limitations in the spectrophotometric calibration of the BOSS spectra do not allow this test to be implemented straightforwardly at present, but it should be possible in the future as BOSS calibration efforts proceed (Margala & Kirkby 2011; Suzuki 2013 ).
It is also perhaps possible that EUV/X-ray luminosity variations could primarily drive the BAL variability rather than shielding-gas variations. This would require that some EUV/X-ray radiation is not blocked from reaching the wind by the shielding gas.
SUMMARY AND FUTURE WORK
We have studied the variability of C iv and Si iv BAL troughs using a systematically observed sample of 291 BAL quasars. We have utilized 699 high-quality spectra of these quasars obtained by SDSS-I/II and BOSS. The main basic observational results of our study are the following:
1. Using a BAL-trough definition designed for the investigation of trough variability in multi-epoch observations, we have identified 428 distinct C iv and 235 distinct Si iv BAL troughs in the multi-epoch spectra of our 291 "main-sample" quasars. The sampled rest-frame timescales range between 5.9 hr and 3.7 yr with a median of 2.1 yr. See Section 3.2.
2. We identify variable BAL troughs using two different approaches and find, consistent with earlier work, that BAL variability is common on multiyear timescales. About 50-60% of both C iv and Si iv BAL troughs detectably vary on rest-frame timescales of 1-3.7 yr. Our large sample size also allows us to quantify the fraction of BALs that vary by a given amount in EW. The cumulative fraction of BAL troughs varying by a given |∆EW| threshold drops with increasing |∆EW|, but it remains significant even for |∆EW| values as large as 5Å. See Sections 3.3 and 4.1.
3. C iv BAL variability is found across a wide range of outflow velocity. The percentage of C iv BAL regions showing variability remains relatively constant at 30-40% at velocities from −3000 km s −1 to −25000 km s −1 , and it then rises at higher velocities. The dependence of Si iv BAL variability upon outflow velocity is more difficult to constrain owing to contamination by unrelated emission lines. See Section 4.1.
4. We show, consistent with earlier work, that C iv and Si iv BAL variations usually occur in relatively narrow portions of BAL troughs (i.e., troughs do not vary monolithically in depth). The variable portions typically span < 30% of the trough velocity width. Narrow BAL troughs tend to have variable portions that span a larger fraction of their velocity width than broad BAL troughs. See Section 4.2.
5. The incidence of variability within a BAL trough does not depend significantly upon the relative velocity within the trough. See Section 4.2.
6. The EW and fractional EW variations of C iv and Si iv BAL troughs increase with sampled rest-frame timescale, and our large sample allows improved measurement of this effect over a range of ≈ 10 3 in timescale. We find that the rate-of-change of BAL EW is larger on 0. 4. We examine the extent to which a simple onedimensional random-walk model can explain the evolution of BAL-trough EWs. The binomial distribution resulting from this model can acceptably fit the ∆EW distribution for C iv BAL troughs on timescales of 2.0-2.5 yr, where we have the best trough statistics. The best-fitting model has a step size of 1.65Å and six random-walk steps, corresponding to a rest-frame step timescale of ≈ 137 days. The small derived number of steps is consistent with the non-Gaussian nature of the ∆EW distribution, and we derive consistent random-walk parameters when considering the ∆EW distribution for Si iv troughs. A simulation of randomly walking trough EWs shows the bestfitting model derived for timescales of 2.0-2.5 yr also acceptably represents EW variations over a wider range of timescales. See Section 5.4.
Coordinated trough variability for BAL quasars
showing multiple troughs implies the existence of a coordinating mechanism capable of affecting outflow streamlines spread over a wide range of radii. The mechanism may be changes in the shielding gas that lead to changes in the level of EUV/X-ray radiation reaching the streamlines. Such changes in shielding gas may be a driver of BAL variability more generally. See Section 5.5.
The ongoing BOSS ancillary project on quasar-wind variability continues to enlarge the sample of BAL quasars with high-quality spectra spanning multiple years, and we hope to obtain an additional 1-2 epochs of observation for the associated BAL quasars as part of the Time Domain Spectroscopic Survey (TDSS) of the SDSS-IV.
22 These data should enable multiple further studies of BAL variability, and here we highlight a few selected ways that the main results found above might be advanced. First, in this paper we have focused upon variability of the relatively high-ionization transitions of C iv and Si iv, and it would be worthwhile to extend large-sample analyses to other transitions including Mg ii, Al iii, Fe ii, and Fe iii (e.g., Hall et al. 2011; Vivek et al. 2012) . The outflow structure along the lineof-sight may differ significantly when such lower ionization transitions are present. Second, additional data can improve constraints upon the fraction of BALs showing variability, BAL lifetimes, and our simple random-walk model for BAL EW variability. Ideally, one would also like to test our measurements of BAL variability against specific predictions made by advancing models of quasar winds. Third, our results on coordinated trough variability for BAL quasars showing multiple troughs indicate that large-scale investigations of BAL vs. continuum variability are important to pursue. Continuum variability investigations in the rest-frame UV should be possible once the BOSS spectrophotometric calibration is improved, and limited X-ray continuum monitoring should be possible with targeted observations and the eROSITA all-sky survey (e.g., Merloni et al. 2012) . Fourth, a largescale investigation of BAL vs. emission-line variability should give unique insights into the quasar-wind contribution to high-ionization line production. Finally, the full utilization (see Section 3.2) and gathering of additional observational epochs will allow assessment of how various types of BAL troughs evolve, and perhaps coevolve, over timescales of days-to-years. Additional epochs will also allow a large-scale search for BAL acceleration events which have generally proved elusive to date (e.g., Gibson et al. 2008 Gibson et al. , 2010 Capellupo et al. 2012) . indicates the second-epoch spectra. a 1 for low-ionization BAL quasars, 0 otherwise b 1 for timescales of more than 1 yr (∆t min,1 ), 0 otherwise (∆t min ) c Number of variable regions found in the BAL trough d Corresponding C iv BAL trough ID as given in Table 2 . As explained in Section 4.6, we search for accompanying C iv BAL troughs for Si iv troughs with −3000 > vcent > −13000 km s −1 . We found that five Si iv troughs, S3, S13, S201, S202, and S237, have an accompanying C iv trough that does not satisfy our BAL-trough identification criteria. 
